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The intestinal crypt is a site of potential interactions
between microbiota products, stem cells, and other
cell types found in this niche, including Paneth cells,
and thus offers a potential for commensal microbes
to influence the host epithelium. However, the
complexity of thismicroenvironment has been a chal-
lenge to deciphering the underlyingmechanisms.We
used in vitro cultured organoids of intestinal crypts
from mice, reinforced with in vivo experiments, to
examine the crypt-microbiota interface. We find that
within the intestinal crypt, Lgr5+ stem cells constitu-
tively express the cytosolic innate immune sensor
Nod2 at levels much higher than in Paneth cells.
Nod2 stimulation by its bona fide agonist, muramyl-
dipeptide (MDP), a peptidoglycan motif common to
all bacteria, triggers stem cell survival, which leads
to a strong cytoprotection against oxidative stress-
mediated cell death. Thus, gut epithelial restitution
is Nod2 dependent and triggered by the presence
of microbiota-derived molecules.
INTRODUCTION
In its symbiotic interaction with mammals, the intestinal micro-
biota protects the host against pathogenic microorganisms
and increases its metabolic capacities, thereby providing an
important source of nutrients and vitamins. Additionally, the in-
testinal microbiota stimulates the maturation of the innate and
adaptive immune system (Garrett et al., 2010; Tremaroli and
Ba¨ckhed, 2012). The beneficial effect of the microbiota on gut
epithelial homeostasis occurs, in part, through direct sensing
of bacterial products by host receptors including Toll-like recep-
tors (TLRs) (Rakoff-Nahoum et al., 2004) and Nod receptors (Ku-
fer and Sansonetti, 2011). Crypt cells express TLRs (Abreu et al.,
2003), and TLR4 in intestinal stem cells was recently linked to
their proliferation and apoptosis during necrotizing enterocolitis
(Neal et al., 2012). In addition, Nod1 is expressed by intestinal
epithelial cells (Hisamatsu et al., 2003), and Paneth cells express792 Cell Host & Microbe 15, 792–798, June 11, 2014 ª2014 ElsevierNod2 (Ogura et al., 2003). Indeed, the intestinal crypt, harboring
adult stem cells, Paneth cells, and dividing epithelial cells, which
together support epithelial regeneration, is a key site in which
bacterial products could interact with the host and potentially
modulate epithelial regeneration.
To study the intestinal crypt in vitro, isolated murine crypts can
be embedded in matrigel in the presence of growth factors to
induce the formation of three-dimensional structures termed
‘‘organoids.’’ Organoids recapitulate an intact crypt-villus archi-
tecture, harboring an internal lumen, different epithelial lineages,
and stem cells, which are located in surface protrusions that
correspond to novel crypts (Sato et al., 2009). Within these orga-
noids, long-lived, permanently cycling stem cells are identified
as Crypt Base Columnar (CBC) cells expressing the Wnt-depen-
dent stem cell marker Lgr5 (Barker et al., 2007). Moreover, iso-
lated intestinal Lgr5+ stem cells can give rise to organoids
when grown under specific conditions (Sato et al., 2009).
Here we investigated the potential of purified bacterial com-
pounds (i.e., MAMPs) to directly stimulate intestinal stem cells
using organoids as a model. We found that muramyl-dipeptide
(MDP) exerts cytoprotective properties on intestinal stem cells
and that this effect depends on high expression levels of the
Nod2 receptor in CBC cells.RESULTS
MDP Is Involved in the Survival of Intestinal Organoids
In order to identify potential molecular microbiota-crypt cross-
talks, we grew organoids from murine small intestinal crypts in
the presence of purified or synthetic MAMPs, which are naturally
released by the gut microbiota (Cario et al., 2002) and signal
through pattern recognition receptors (PRRs). We monitored
the potential agonistic effects of these MAMPs on the yield
and development of organoids. Nod receptors were stimulated
by soluble sonicated peptidoglycan (PGN), muramyl-tetrapep-
tide (Tetra-dap), the agonist of murine Nod1, and MDP, the
agonist of Nod2. Synthetic lipoprotein (Pam3CSK), Escherichia
coli lipopolysaccharide (LPS), flagellin (Fla), and CpG were also
assayed to stimulate TLR2, TLR4, TLR5, and TLR9, respectively.
The number of living organoids was monitored upon MAMP
stimulation. A viable organoid was defined as a structure with
a monolayer of cells surrounding a lumen showing buddingInc.
Figure 1. MDP Induces Higher Yield of Organoids through Nod2 Recognition
Crypts were stimulated with soluble sonicated peptidoglycan (PGN), muramyl-dipeptide (MDP), muramyl-tetrapeptide (Tetra-dap), Escherichia coli lipopoly-
saccharide (LPS) (each at 10 mg/ml), 10 ng/ml flagellin (Fla), 500 ng/ml synthetic lipoprotein (Pam3CSK), or 1 mM unmethylated CpG dinucleotides (CpG).
(A) The fold change in the number of organoids over nonstimulated organoids (Ctrl) was calculated after 4 days of culture. The average number of nonstimulated,
control organoids per each experiment was fixed to 1, and data are represented as mean ± SD. ***p < 0.001, **p < 0.01 Mann-Whitney.
(B) On the fourth day of culture, MDP-treated or control organoids were imaged. The area of the organoids was measured using Axiovision software, and the
values were plotted. In the figure a box-and-whisker plot shows the values obtained from one representative experiment.
(C) Cell proliferation was analyzed by cytometry, monitoring EdU incorporation after 2 hr. Representative profiles of MDP-treated (black) and nontreated
organoids (gray) are shown.
(D) Organoids stimulated (left) or not (right) with MDP were stained with anti-Ki67 (red). Nuclei are in blue and phalloidin in green. Ki67-positive cells are localized
only in the crypts, in the transit amplifying region with no differences in the percentage between the two samples. Scale bar, 50 mm.
(E) Crypts extracted from Nod1 KO and Nod2 KOmice were stimulated with agonists of Nod receptors or with MDPctrl, and the fold change in organoid number
was calculated. **p < 0.01, Mann-Whitney U test.
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did not show such organized structures but appeared as amor-
phous clumps of cells (see Figure S1 available online). We report
the number of organoids on day 4 at the time when the medium
was changed for long-term culturing. Upon stimulation with PGN
andMDP, but not Tetra-dap, the number of organoids increased
5-fold comparedwith untreated cultures (Figure 1A). All the orga-
noids were imaged and their area measured (Figure 1B). The
average area of the MDP-treated organoids was smaller than
untreated organoids, indicating that in the presence of MDP,
more crypts and/or isolated intestinal stem cells could survive
and generate new organoids. Moreover, starting from day 1,
we observed greater overall numbers of organoids in PGN-
and MDP-stimulated conditions, and this difference increased
over time (Figure S1). Indeed, during the crypt purification pro-
cess, a heterogeneous population of explanted crypts is recov-
ered that differ in their size, shape, and differentiation status.
Only bone fide organoids are considered during counting, and
thus the increase in organoid number over time is due to theCell Hlack of inclusion of ‘‘immature’’ structures, such as ‘‘spheroids’’
(Mustata et al., 2013) or single stem cells, before they have
reached a proper organoid structure.
In the presence of MDP, more stem cells survived and lead to
new organoids from these immature structures or from isolated
single stem cells. No difference was observed in the maximum
size of organoids compared to controls, suggesting that stimula-
tion with MAMPs did not affect the growth rate (Figure 1B). To
confirm this observation, after 4 days of culture, treated and con-
trol organoids were tested for both EdU incorporation (Figure 1C)
and Ki67 staining (Figures 1D and S1). We did not observe any
variation in the cell proliferation rates between organoids stimu-
lated with MDP and controls, either globally or specifically in the
transit-amplifying compartment. Therefore, epithelial prolifera-
tion was not affected by MDP stimulation.
Stem Cells Express the nod2 Gene
To test for a specific effect ofMDP,we generated organoids from
Nod1 KO and Nod2 KO mice. Following stimulation with MDP,ost & Microbe 15, 792–798, June 11, 2014 ª2014 Elsevier Inc. 793
Figure 2. Nod2 Is Highly Expressed in Stem
Cells
(A) Transcriptional gene expression levels of
markers for intestinal stem cells were evaluated
after sorting. Stem cells isolated from Lgr5-EGFP
mice (white), Nod2 KO mice (black), and whole
crypts from WT mice (gray) are represented. Data
are represented as mean ± SD. No statistically
differences were observed in the gene expression
between the mice.
(B) Stem and Paneth cells from Lgr5-EGFP mice
were analyzed for the expression of the nod2 gene
and compared to the basal expression of the
whole crypt. **p < 0.01, Mann-Whitney U test.
(C) The capacity of stem cells to express Nod2
was tested on small intestine sections from Nod2
KO mice. Cells expressing Nod2 are in green, and
Paneth cells stained with lysozyme are in red;
nuclei are in white (scale bar, 10 mm).
(D) Stem and Paneth cells derived from Lgr5-
EGFP or Nod2 KO mice were cultured alone or in
various combinations. Five hundred cells from
each condition were stimulated (black) or not
(white) with MDP. The average number of orga-
noids formed per well after 10 days was evaluated.
As a control, 100 ng/ml wnt3a ligand was added to
WT stem cells. Data are represented as mean ±
SD. *p < 0.05, Mann-Whitney U test.
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with 4-fold greater numbers than those of control organoids (Fig-
ure 1E). However, exposure to the D-D isomer of MDP (MDPctrl),
a nonagonist of Nod2, was unable to increase the organoid
numbers. Conversely, addition of MDP to embedded crypts
from Nod2 KO mice resulted in organoid numbers similar to
those observed in untreated crypts (Figure 1E). Taken together,
these data suggest the existence of a Nod2-dependent pathway
that, rather than affecting epithelial proliferation, extends the sur-
vival of transplanted crypts through a direct or indirect effect on
the survival of stem cells. We therefore chose to investigate the
expression of Nod2 in crypt cells.
Nod2 expression was previously reported in murine small in-
testinal crypts (Kobayashi et al., 2005) and specifically in Paneth
cells within human small intestinal crypts (Ogura et al., 2003).
Paneth cells are a major constituent of the niche of Lgr5+ stem
cells (Sato et al., 2011). These data suggested that the role of
Nod2 in crypt survival might be due to either indirect nurturing
of stem cells by MDP-stimulated Paneth cells and/or direct
Nod2-driven stimulation of stem cells. Therefore, we studied
the expression of the nod2 gene at the single-cell level on sorted
stem cells and Paneth cells frommurine small intestinal crypts of
Lgr5-EGFP knockin mice (Barker et al., 2007) (Figure S2). We
performed real time-PCR (RT-PCR) for expression of their
respective markers to confirm the purity of the Paneth and
stem cell populations. Stem cells showed high expression of
lgr5 (Barker et al., 2007), ascl2 (van der Flier et al., 2009b), and
olfm4 (van der Flier et al., 2009a) (Figure 2A). Paneth cells highly
expressed cd24 (Sato et al., 2011), lyzP, and defcr-rs1 (Garcia
et al., 2009) (Figure S2). We then analyzed both stem and Paneth
cells for expression of the nod2 gene (Figure 2B). With this PCR-
based assay on sorted cells, Nod2 mRNA could be detected in
the Paneth cells fraction, in line with previous reports (Lala794 Cell Host & Microbe 15, 792–798, June 11, 2014 ª2014 Elsevieret al., 2003). However, the transcription levels were 5-fold higher
in stem cells than in Paneth cells. Using a Nod2 KO mouse line,
which was generated by the disruption of its nod2 gene with an
EGFP cassette (Barreau et al., 2007), we localized the GFP signal
within cells of the intestinal crypt. Paneth cells were specifically
stained with an anti-lysozyme antibody and found to have unde-
tectable GFP levels. Indeed, the GFP signal was interspersed
between Paneth cells and correlated with the location of the
Lgr5-positive CBC stem cells (Figure 2C). To confirm these ob-
servations in the wild-type (WT) tissue, crypts were extracted
from Nod2 KO mice, GFP-positive cells were sorted, and their
RT-PCR expression profiles were analyzed. GFP-positive cells
from Nod2 KO mice did indeed express the same level of stem
cell markers observed for those sorted from the crypt of Lgr5-
EGFP mice (Figure 2A). Together, these data indicate that the
majority of Nod2 expression in the crypt is restricted to Lgr5+
CBC stem cells.
Nod2 Expressed by Stem Cells Is Sufficient to Provide
Cytoprotection
In order to evaluate the capacities of WT and Nod2 KO cells to
yield organoids and support their development, stem andPaneth
cells from both Lgr5-EGFP and Nod2 KO mice were recovered
using the same sorting strategy described for gene expression
analysis (Figure S2). WT Lgr5-EGFP and Nod2 KO GFP+ single
cells yielded organoids, confirming their stem cell properties
(Figure 2D). Notably, however, GFP+ cells from Nod2 KO mice
yielded 1.5-fold less organoids than WT stem cells. No differ-
ences in organoid yields were found when MDP was added to
stem cells originating from Nod2 KO mice, while MDP stimula-
tion of WT stem cells yielded 2.5-fold more organoids compared
to nonstimulated conditions (Figure 2D). These data indicate that
the Nod2-dependent signaling that leads to an increased yield ofInc.
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by MDP. To determine if the low expression of Nod2 in Paneth
cells could play a role in the survival of stem cells and the conse-
quent yield of organoids, cocultures of stem cells and Paneth
cells derived either from WT or Nod2 KO mice were conducted.
Coculture of WT or Nod2 KO Paneth cells with WT stem cells, or
the addition of Wnt3a ligand alone to WT stem cells, resulted in
an average of three organoids per well, a value similar to that ob-
tained in MDP-treated WT stem cells. The addition of MDP to a
coculture of both WT stem and Paneth cells resulted in a signif-
icant increase in the average number of organoids; the same
result was seen with a coculture of WT stem cells and Nod2
KO Paneth cells upon addition of MDP. Moreover, MDP stimula-
tion of cocultures of Nod2 KO stem cells andWT Paneth cells re-
sulted in no difference (Figure 2D). These data confirmed the
dependence of organoid formation after MDP stimulation on
Nod2 expression within stem cells themselves. However, this
does not exclude the possibility that Paneth cells respond to
MDP via their low Nod2 expression levels but rather indicates
that any response they may have does not affect the production
of crucial factors required for the growth of organoids. Alto-
gether, the above results indicate that upon crypt extraction
and embedding into matrigel, stem cells undergo a major stress
that results to significant cell death and that MDP-induced acti-
vation of Nod2 in stem cells greatly increases their survival
capacity, thereby leading to greater yields of organoids. This
led us to hypothesize that in the presence of a stress, MDP stim-
ulation of Nod2 signaling in crypt stem cells triggers a pathway of
cytoprotection.
MDP Protects Stem Cells upon Stress In Vivo
To test the property of MDP to protect stem cells in vivo, we
depleted mice of their intestinal microbiota and administered
MDP before treating them with doxorubicin hydrochloride.
Doxorubicin is a DNA intercalating agent that is toxic for intesti-
nal stem cells, most likely through the induction of massive
oxidative stress following DNA damage (de Koning et al., 2007;
Dekaney et al., 2009). Mice were injected intraperitoneally with
20 mg/kg doxorubicin. Due to the fluorescent properties of this
compound, we could observe doxorubicin signals within Lgr5-
EGFP stem cells in tissue sections (Figure S3).
In order to evaluate the capacity of stem cells to survive and
repair the damaged tissue upon doxorubicin treatment, we
used a modified clonogenic microcolony assay (Tustison et al.,
2001). The capacity of stem cells to survive is linked to the ability
to repair damage and to induce proliferation in the tissue. We
established a proliferation index (PI) defined as the number of
EdU-positive cells in a crypt divided by the total number of cells
in the same crypt, in order to evaluate the capacity of epithelial
survival and regeneration following doxorubicin-induced stress
of stem cells. Starting from 24 hr after doxorubicin injection,
we observed an increased PI in MDP-treated mice in compari-
son to nontreated or MDPctrl-treated mice (Figure 3A) with com-
plete restoration of the normal PI levels at 72 hr post-doxorubicin
injection.
To test the existence of a Nod2-dependent pathway of stem
cell cytoprotection within the intestinal crypt in the presence of
microbiota-produced MDP, we carried out similar experiments
in which conventional WT and Nod2 KO mice were treatedCell Hwith doxorubicin, and we assessed the capacity of the micro-
biota to protect stem cells from injury. Caspase-3-positive
staining was used as a readout for crypt cell apoptosis; the per-
centage of crypts containing at least one caspase-3-positive cell
was calculated from both nontreated and doxorubicin-treated
murine intestinal sections at 6 hr upon injection (Dekaney et al.,
2009). Figure 3B shows a representative image of crypts with
caspase-3-positive cells. As shown in Figure 3C, following doxo-
rubicin treatment of WT mice, 30% of crypts harbored at least
one apoptotic cell, compared to 10% in nontreated mice. Doxo-
rubicin treatment had an even larger impact in Nod2 KO mice,
with 54% of treated crypts harboring at least one apoptotic
cell and 14% in the nontreated mice. In addition, both WT and
Nod2 KO mice showed a decrease in the PI of the crypts from
6 to 24 hr postinjection. However, the low PI of Nod2 KO mice
remained until 72 hr, whereas that of WT mice increased almost
to levels of nontreated control animals (Figure 3D). Moreover, at
72 hr, WT mice showed a significantly higher percentage of
regenerative crypts than Nod2 KO mice, which was associated
with an increase in the crypts’ size, reflecting the presence of
living stem cells (Table 1). This showed the capacity of WT
stem cells to survive injury. Moreover, Nod2 KO mice already
presented a lower proliferation rate before treatment, indicating
that in normal conditions the Nod2 KO mice have a lower
capacity to respond to stimuli of the microbiota. Applying a
similar approach in vitro, we treated isolated crypts with doxoru-
bicin or H2O2 and found that the addition of MDP significantly
increased the yield of organoids after 4 days of culture
(Figure S3).
To determine if the increase in the PI after 72 hr of doxorubicin
treatment was due to an increased responsiveness of WT crypts
toMDP, the capacity of epithelial regeneration after in vivo doxo-
rubicin-stress induction was investigated. Crypts were extracted
after 72 hr post-doxorubicin injection, and their ability to yield
organoids in the presence or absence of MDP was compared
(Figure 3E). Upon MDP stimulation of crypts explanted from
doxorubicin-treated WT mice, the yield of organoids increased
more than 10-fold compared to nonstimulated samples. This
increase was not observed with crypts extracted from doxoru-
bicin-treated Nod2 KOmice, emphasizing that the Nod2-depen-
dent pathway of stem cell cytoprotection identified in vitro
translated into a Nod2-dependent pathway of epithelial regener-
ation in vivo.
DISCUSSION
This work identifies a function of the cytosolic innate immune
sensor Nod2 in intestinal stem cell protection and thereby high-
lights the depth of symbiosis between mammals and their intes-
tinal microbiota. We demonstrate that Lgr5-expressing stem
cells of the small intestinal crypt constitutively express Nod2 at
levels well above those found in Paneth cells. Stimulation of
Nod2 in this adult stem cell population by its bona fide prokary-
otic agonist MDP triggers a direct pathway of stem cell protec-
tion, independent of Paneth cells responses, that does not affect
epithelial proliferation.
The role of Paneth cells in supporting and nurturing stem cells
was well described by using the organoid model (Sato et al.,
2011). Paneth cells provide niche signals, like Wnt ligandsost & Microbe 15, 792–798, June 11, 2014 ª2014 Elsevier Inc. 795
Figure 3. MDP Protects Stem Cell via Nod2 In Vivo
(A) WT mice were depleted from their microbiota and injected with doxorubicin. To assess the capacity of MDP to protect stem cells, mice were supplemented
with MDP (black bars) or MDPctrl (gray bars) or not (white bars) and sacrificed at 24 or 72 hr post-doxorubicin injection, and the capacity of tissue to proliferate
was analyzed. NT indicatesmice not treatedwith doxorubicin and supplemented or not withMDP orMDPctrl for 72 hr.WT andNod2KOmicewere injected or not
with doxorubicin and sacrificed at different time points. Six hours after doxorubicin (dox) injection, mice were sacrificed, and their tissues were stained with an
anti-caspase-3 antibody.
(B) Examples of tissue from WT (top) and Nod2 KO mice (bottom) treated or not with doxorubicin stained with anti-caspase-3 antibody (in red) are presented.
(C) The percentage of crypts harboring at least one caspase-3-positive cell was calculated. **p < 0.01, Mann-Whitney U test.
(D) The percentage of EdU-positive cells per crypt, from WT or Nod2 KO mice, after 2 hr of EdU treatment was evaluated. The values in (A), (C), and (D) are
calculated based on the analysis of at least 50 open crypts for each section, and data are represented as mean ± SD. ***p < 0.001, NS, not significant, Mann-
Whitney U test.
(E) Seventy-two hours after doxorubicin treatment, the crypts were extracted from treatedmice and stimulatedwith (black) or without (white) MDP. The number of
organoids was monitored.
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in vitro. On the contrary, Romagnolo and collaborators (Durand
et al., 2012) found that in vivo, complete loss of Paneth cells in
Math1-deficient mice did not perturb the crypt architecture
and allowed maintenance and proliferation of intestinal stem
cells. Therefore, they propose that in vivo not only do Paneth
cells provide niche factors but that alsomesenchymal cells could
play the same role. Our own data suggest that MDP released by
the microbiota could be a factor in protecting the CBC cells,
especially under stress conditions that are independent of Pan-
eth cells. We could demonstrate that, in vivo, upon a stress such
as doxorubicin treatment, the capacity of the stem cells to regen-
erate crypts depends on their response to MDP through Nod2.
While we cannot exclude a role of other populations, such as im-
mune cells, in the regeneration process, we show that the intes-
tinal stem cells have a major influence both in vitro and in vivo.796 Cell Host & Microbe 15, 792–798, June 11, 2014 ª2014 ElsevierIndeed, cytoprotection is even more striking if prior to their
transplantation crypts are subjected to a cytotoxic stress
such as exposure to ROS generated by doxorubicin or H2O2.
In other words, gut epithelial regeneration—or even restitution
in case of an injury—is clearly impacted by the availability of
MDP produced by the microbiota. We are currently decrypting
the complex molecular mechanisms that account for Nod2-
mediated stem cell protection, as this observation may have
major medical consequences. For instance, based on our
observation, Crohn’s disease cases associated with Nod2
mutations are likely to encompass an unexpected etiological
component characterized by a delay in epithelial restitution
following a nonspecific (i.e., infectious, chemical, or physical)
priming aggression of the epithelium, as in these cases stem
cells cannot benefit from a MDP-mediated signal provided by
the microbiota.Inc.
Table 1. Comparison of Intestinal Regeneration in WT and Nod2
KO Mice after 72 hr upon Doxorubicin Injection
WT 72 hr dox Nod2 KO 72 hr dox
Percentage of regenerative
crypts
59.9 ± 6.4 33.9 ± 9.4a
Relative size of crypts 3,231 ± 105 2,538 ± 180a
ap < 0.01, Mann-Whitney U test.
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Mice
B6.129P2-Lgr5tm1(cre/ESR1)Cle/J mice (Lgr5-EGFP) (Barker et al., 2007) were
purchased from The Jackson Laboratories. Card4/Nod1-deficient (Nod1 KO)
mice were generated by Millennium Pharmaceuticals Boston. Card15/Nod2-
deficient C57BL/6J (Nod2 KO) mice (Barreau et al., 2007) were provided by
J.-P. Hugot (Hoˆpital Robert Debre´, Paris, France). All mice were kept under
specific-pathogen-free conditions, and all animal experiments were approved
by the committee on animal experimentation of the Institut Pasteur and by the
French Ministry of Agriculture (agreement number 75-305). When indicated,
animals were given a single intraperitoneal (i.p.) injection of 20 mg/kg doxoru-
bicin hydrochloride (from Sigma) and euthanized at 6, 24, 48, or 72 hr after
treatment. For the depletion of microbiota, we followed the protocol described
by Reikvam et al. (2011) with some modifications (see Supplemental Experi-
mental Procedures).
Crypts Isolation and Organoid Formation
Intestinal crypts were extracted as previously described (Sato et al., 2009).
Five hundred crypts were centrifuged and incubated with or without the
following MAMPs for 10 min at room temperature: 10 mg/ml soluble sonicated
peptidoglycan from E. coli K12 (PGN), 10 mg/ml MDP, 10 mg/ml MDP control
(MDPctrl), 10 mg/ml lipopolysaccharide (LPS), 500 ng/ml lipoprotein (Pam3),
10 ng/ml Flagellin (Fla), 1 mM unmethylated CpG dinucleotides (CpG) (all pur-
chased from InvivoGen), or 10 mg/ml MurNAc-Tetra(DAP) (Tetra-dap) (kindly
provided by D. Mengin-Lecreulx). The crypts were embedded in 50 ml of
growth factor reduced matrigel (Corning) and overloaded with 500 ml of crypts
medium (CM) as previously described (Sato et al., 2009). A total of 100 ng/ml of
wnt3a (R&D Systems) was added into the culture when indicated. The medium
was exchanged every 4 days.
Sorting and Culture of Single Cells
Isolated crypts from Lgr5-EGFP mice or Nod2 KO mice were incubated in
HBSS w/o Ca+2 and Mg2+ supplemented with 0.3 U/ml Dispase (Corning),
0.8 U/ml DNase (Sigma), and 10 mM Y-27632 (Sigma) for 30 min at 37C.
Dissociated cells were washed with 1% PBS/BSA and stained with CD24-
APC antibody (clone M1/69 BioLegend) and EpCam Pe-Cy7 (clone G8.8
BioLegend) for 20 min at 4C. The cells were then resuspended in CM supple-
mented with 1 mM N-acetyl-L-cysteine (Sigma), 10 mM Jag-1 (Anaspec), and
10 mM Y-27632 (single cells medium-SCM), filtered with a 35 mm mesh, and
analyzed with MoFlo Astrios (Beckman Coulter). Sorted cells were collected
in either SCM for culturing experiments or RNAprotect Cell Reagent (QIAGEN)
for RNA extraction.
Real-Time PCR
Total RNA was extracted with the RNeasy Micro Kit (QIAGEN), and the cDNA
was made with SuperScript II Reverse Transcriptase (Life Technologies) and
oligo(dT)12-18 primer (Life Technologies) as recommended by the suppliers.
Reactions were run on an ABI 7900HT (Life Technologies) using Power
SYBR Green mix (Life Technologies) according to the manufacture’s instruc-
tions. Beta2-microglobulin (B2M) RNA was used as an internal control gene,
and DDCt (cycle threshold) values were calculated to obtain relative expres-
sion, compared to whole crypt expression.
Proliferation Assay
The proliferation was evaluated by flow cytometry for the organoids using the
Click-iT EdU AlexaFluor647 Flow Cytometry Assay Kit (Life Technologies) orCell Hby microscopy for the tissues using Click-iT EdU Alexa Fluor 488 Imaging
Kit (Life Technologies).
Scoring of Proliferative Index and Regenerative Crypts
The PI was calculated as a percentage of EdU-positive cells over the total
number of cells in each crypt. Data from five mice each group were obtained,
and at least 50 crypts per section were examined for all histological parame-
ters. A regenerative crypt was defined as a crypt containing more than 10
EdU-positive cells. Relative crypt size was determined as crypt width by crypt
height.
Statistics
The descriptive statistical analysis was performed on Graphpad Prism version
5 (Graphpad software Inc., San Diego, CA). Results are expressed as mean ±
SD. Statistical comparisons were performed using the Mann-Whitney test
U test. p < 0.05 was considered significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article at http://dx.doi.org/10.
1016/j.chom.2014.05.003.
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